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A B S T R A C T   
Several studies have been conducted on shaded cocoa systems, but few of these have examined species-specific 
crown architecture of upper canopy trees and its influence on shade provision in cocoa agroforestry systems. In 
view of the fact that cocoa agroforestry is a recommended practice to drive cocoa production onto a climate- 
smart pathway, and given the role of upper canopy trees in the moderation of shade and light to the cocoa 
system, there is the need to understand the dynamics of upper canopy crown as well as dendrometric parameters 
and how these parameters influence shade provision for the cocoa system. Employing a replicated transect 
method, quantitative data on upper canopy trees in cocoa agroforestry systems were collected from twelve (12) 
1 ha plots established on a 5 km long transect at the Bonsu Nkwanta cocoa growing district in the Western Region 
of Ghana. Given that there was no existing information on various crown forms of upper canopy trees in cocoa 
systems in Ghana, the crown forms generated by (Frank, 2010) were adopted for this study. These were 
“spreading to cylindrical”, “elongate to rounded to oval”, “upswept and vase shaped”, “conical to pyramidal” and 
“spade shaped” crown forms. One hundred and sixty (160) upper canopy trees comprising of 44 species, which 
were distributed in 21 families were recorded in the cocoa agroforestry systems surveyed in the study area. 
Newbouldia laevis was observed to be the most abundant species recorded in the sampled farms. The results 
showed that crown and dendrometric characteristics of the upper canopy trees did not differ in cocoa agrofor-
estry systems of different ages. Also, the highest values of crown volume, crown area and shade area were 
recorded by the “spreading to cylindrical” crown forms followed by the “elongate” crown form, respectively. 
Furthermore, the study showed that crown area, crown volume, crown diameter, tree DBH and crown height 
were the parameters that strongly affected the ability of a particular crown form of a tree to provide higher 
shade. Based on the results, we conclude that in selecting upper canopy trees for the provision of shade in cocoa 
agroforestry systems, trees with “spreading to cylindrical” and “elongate” crown forms are the most suitable crown 
forms to incorporate in cocoa agroforestry systems. However, these constituted the least crown forms in the 
cocoa systems studied. The study provides a useful guide to the selection and management of upper canopy tree 
species for the provision of shade in cocoa agroforestry systems, and holds further applications for the provision 
of decision support for the promotion of climate – smart cocoa agroforestry in Ghana and the West African cocoa 
belt.   
Introduction 
Cocoa is an important commodity in the world and plays a significant 
role in the development of economies of countries like Ghana. It con-
tributes about 12% to Ghana’s gross domestic product (GDP) and serves 
as a major source of revenue for socio-economic infrastructure (COCO-
BOD, 2013). Every year nearly 4 million tons of cocoa beans are pro-
duced and it is projected to increase at a compound annual growth rate 
(CAGR) of 3.1% during the forecast period of 2017 to 2030 (Industry 
Research Outlook, 2020). Though, cocoa production is under significant 
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threat and production is projected to decrease by 22% by 2050 as 
revealed by International Climate Scientists (Sultan et al., 2013; Niang 
et al., 2014), there is ample evidence such yield losses could be averted 
by using innovative and climate smart farm practices like cocoa agro-
forestry (Nyantakyi-Frimpong et al., 2017). Cocoa agroforestry has been 
defined as the strategic integration in time and space of suitable and 
valuable non-cocoa tree species and other plants into a cocoa farm 
(Asare 2006). Traditionally, cocoa agroforestry is done by thinning the 
forest canopy and removing the forest under-storey (Duguma et al., 
2001; Anglaare et al., 2011; Ruf et al., 2015 and Anim-Kwapong and 
Frimpong, 2005), this is similar to the cabruca system in Brazil. Ac-
cording to Schroth and Harvey (2007), in areas where the forest has 
been lost, upper canopy trees are grown as companion species that 
closely mimic natural forest to provide shade to the cocoa plants (Lea-
key and Tchoundjeu, 2001). As revealed by Dawoe et al. (2016), the 
Cocoa Research Institute of Ghana (CRIG) recommends farmers retain 
16–18 well spaced upper canopy trees per hectare ((≥ 12 m height), 
roughly at 24 m x 24 m spacing, providing permanent shade cover 
corresponding to nearly 30–40% crown cover. Such practices are noted 
to hold the key to sustainable future and maintain a higher proportion of 
upper canopy trees that is environmentally preferable to other forms of 
agricultural activities in the tropical forest area. 
The ability of upper canopy trees to provide benefits such as shade 
(Dawoe et al., 2016), which reduces solar radiation to moderate stresses 
associated with the exposure to full sunlight and hence provides a more 
stable microclimate whose mean relative humidity and vapour pressure 
deficit show no difference between cocoa agroforestry systems and 
cocoa monocultures (Niether et al., 2020). Meanwhile, the impact of 
rising mean temperatures and temperature extremes (Laderach et al., 
2013; Schroth et al., 2016) are highly buffered by tree crown parameters 
and form (Neither et al., 2020), and as earlier revealed by Simpson 
(2002), the crowns of upper canopy trees provide shade by modifying 
solar radiations, reduce the glare and block the diffused light from the 
sky to adjoining plants. Thus, the crown form of a tree is an important 
determinant of canopy structure that determines crown parameters such 
as crown thickness, crown spread index, uncompacted live crown ratio, 
etc. which intricately determine the shape of tree crown (Jiménez-Pérez 
et al., 2006) and how a tree provides shade (Broeckx et al., 2012). 
Although a lot of work has been conducted in cocoa-shade tree sys-
tems (Dawoe et al., 2016; Asare and Ræbild 2016; Asare 2005; Osei--
Bonsu et al., 2003; Opoku et al., 2002; Ruf and Schroth, 2004; Sonwa 
et al., 2007), few studies (Asare et al., 2017) have examined the impli-
cations of species-specific crown architecture on shade provision in 
cocoa agroforestry systems. According to Asare (2010), around the 
world where cocoa is grown, shade tree recruitment is part of an 
anthropogenic process in which the ultimate structure and density of 
trees is as an outcome of farmers’ choices. In instances where farmers 
deliberately incorporate upper canopy tree species in the cocoa systems, 
the preferences for the anticipated benefits from the upper canopy trees 
are variable, and do not necessarily reflect the need for shade provision 
to the cocoa system (Dawoe et al., 2016). Furthermore, it is also unclear, 
the extent to which tree species of different crown parameters, forms 
and architecture in cocoa agroforestry systems provide shade to the 
cocoa system, as most tropical timber species are characterized by a tall 
and structurally complex canopy and crown architecture which are 
intricately variable (Echereme et al., 2015). Thus, the effect of upper 
canopy tree species on solar radiation infiltration and the ability to 
reduce rising mean temperatures and temperature extremes is appar-
ently reliant on species-specific crown structure and form, leaf level 
factors, and age of tree (Paganová et al., 2015; Sinoquet et al., 2001; 
Gagliardi et al., 2019; Asare and Ræbild, 2016)). According to Asare and 
Ræbild (2016), the canopy cover of a shade tree depends on the species 
and the age captured by size of trees, the diameter at breast height 
(DBH). As trees advance in age, their crowns enlarge to provide signif-
icant cover. Hence, the quality and quantity of shade cover by different 
crowns will vary depending on the size and the orientation and number 
of leaves per unit area on the branches (Asare and Ræbild, 2016; Asare 
and Asare 2008). However, the influence of these structural differences 
of upper canopy trees in cocoa systems on the nature and extent of shade 
provision is unclear. 
Shade cast is a mottle of light and shaded patches as a result of the 
crown of upper canopy trees permitting the transmission of some light to 
the plantation floor. This measurement is difficult in a multi-strata 
system like a cocoa agroforest, where below the upper canopy is a 
closed cocoa canopy system. In order to measure shade therefore, a 
simplistic measure of the canopy cover of trees presents a proxy. In view 
of the fact that cocoa agroforestry has been recommended as adaptation 
strategy for a sustainable cocoa production given the role of upper 
canopy trees in the moderation of temperature and solar radiation in 
cocoa growing systems (Torquebiau, 2016; Nyantakyi-Frimpong et al., 
2019; Neither et al., 2020), there is the need to understand the char-
acteristics of crown parameters and the associated implication for shade 
provision for the cocoa system. The aim of this study was to investigate 
the crown architecture and dendrometric parameters of upper canopy 
trees and their implications for shade provision in cocoa agroforestry 
systems. Specifically, the study focused on the following objectives, (1) 
To assess species composition and diversity in cocoa agroforestry sys-
tems of different age regimes, (2) To characterize crown parameters of 
upper canopy trees in cocoa agroforestry systems with different age 
regimes, (3) To explore the relationship between species occurrence, 
dendrometric and crown parameters of upper canopy trees in cocoa 
agroforestry systems. Ultimately, a better understanding of the shade 
provision characteristics of upper canopy tree species will inform a 
better choice for incorporating shade trees into cocoa agroforestry 
systems. 
Methodology 
Description of study area 
The study was conducted at Bonsu Nkwanta in the Juaboso district in 
the Western Region of Ghana. This site was chosen because it is one of 
the main cocoa producing areas in Ghana, (Asante-Poku and Angelucci, 
2013). Bonsu Nkwanta forms part of the country’s wet semi-equatorial 
climatic zone, which is characterized by two maxima rainfall regime, 
with rainfall peaks falling between May-June and September–October, 
which ranges between 1250 and 2000 mm respectively. The mean 
annual temperature for the area ranges between 25 ◦C and 26 ◦C. The 
relatively long wet (rainy) season favours the cultivation of many food 
and cash crops, especially cocoa. The Krokosue forest, which is ear-
marked as forest reserve enhances the ecosystem of the area (Fig. 1). 
Sampling design 
Three transects at least 5 km long were established in a contiguous 
cocoa landscape roughly aligned at 120◦ from each other in a ‘Y’ shape 
(Fig. 2), as adapted from Dawoe et al. (2016). Four plots, each 
measuring 100 m x 100 m at intervals of at least 500 m, were established 
along each transect. Thus, a total of twelve (12) sample plots were 
established in the study site. In instances where the recording plot fell 
within a non-cocoa land use, the transect continued until the next cocoa 
establishment. In areas where the contiguous cocoa farms were inter-
spersed with patches of other land use types, the transects exceeded 5 
km, to the point where contiguous cocoa was encountered. 
Assessment was done at plot level. All the upper canopy trees in each 
of the sample plots were identified with the assistance of an experienced 
botanist. All trees species with diameter at breast height (dbh=1.3 m) at 
10 cm and above were identified and measured. Tree dbh was measured 
by using a diameter tape while heights of trees and crowns were 
measured using a laser hypsometer (Nikon Laser Hypsometer). To 
obtain an estimate of the shade provided to the cocoa, only trees whose 
canopies were above the cocoa stratum were used, the rest were used in 
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the diversity analysis. The crown area of each upper canopy tree within 
the 1 ha sample plot of cocoa farms was estimated by measuring the 
diameter of the crown in eight different directions, following the car-
dinal points and a subdivision within the cardinal points, i.e. north, 
south, east and west and then north-west, northeast, south-west and 
south-east (Blozan, 2006). 
The diameter measurements were taken from one tip of the crown to 
the other. Crown form value (CF) of all identified trees was determined 
using the defined shape categories in field manual developed by Frank 
(2010). These crown shape categories include: upswept to vase, spade, 
elongate spade to rounded to oval, spreading to cylindrical, and conical to 
pyramidal) 
In order to estimate the actual shade cast on the ground by the upper 
canopy tree species, solitary trees with similar crown parameters as 
those measured in the cocoa farms, which also had no or minimal 
vegetation undergrowth were identified and their crown silhouettes 
were measured. This approach was an indirect way of measuring shade 
caste by the crown of shade trees in cocoa farms, by overcoming the 
challenge of shade measurement difficulties, because the silhouette of 
the shade tree crowns are cast on the canopies of the cocoa trees. Upper 
canopy trees were mapped and characterised using their crown form 
names and values as indicated in (Frank, 2010). The area of the 
silhouette cast on the ground was estimated by measuring the diameter 
of the silhouette in eight different directions, following the cardinal 
points and a subdivision within the cardinal points, as an indication of 
the shade cast unto the cocoa trees by the upper canopy trees (i.e. north, 
south, east and west and then north-west, northeast, south-west and 
south-east). 
Tree diversity assessment 
The individual trees recorded in the 1 ha sampling plots were iden-
tified to the species level. The Shannon-Weiner diversity indices (H’ and 
Hmax) were calculated using Biodiversity Professional Software 




(pi ∗ In(pi)) (1) 
Where; n is the total number of species in the landscape, pi is the 
probability of finding the ith species. 
H max is the maximum possible value of H’, which is given as: 
Hmax = In(S) (2) 
Where; S is Species richness 
Evenness = H1
/
Hmax (3)  
Crown parameters and attributes calculation 
All the upper canopy trees and the solitary trees used in estimating 
the actual shade cast on the ground were pooled to the crown form level. 
Important structural factors and variables in connection with the crown 
were determined using the following: 
Crown height (hc) was calculated as the difference between the total 
height of the tree (H) and the length from the tree from the ground to the 
base of the crown (lc). 
hc = H − lc (4)  
where; hc is the height of the tree crown, H is the total height of the tree 
from the base to the tip and lc is the height of the tree from the ground to 
the base of the crown. 
Crown area was calculated using the crown diameter. It was calcu-
Fig. 1. Map of the study area.  
Fig. 2. Diagrammatic presentation of sampling design (Dawoe et al., 2016).  
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lated as 




Where; CA is crown area, dc is crown diameter 
The spatial volume of the crown (Vc) was calculated according to 
different crown shape models using the standard gradient of tree crown 
shapes (Frank, 2010). The crown shape formula use crown diameter (dc) 
and crown height (hc) in meters and crown form value (CF) to calculate 
crown volumes in cubic meters. The crown form value (CF) is the ratio of 
the measured maximum average crown spread to the radius of an 
equivalent cylinder diameter 
Vc = CF ∗ hc ∗ (dc)2 (6) 
Crown shape parameters are derived parameters describing the 
shapes of the tree crowns. These parameters include crown thickness 
index, crown spread index, linear crown index and uncompacted live 
crown ratio. These parameters were calculated as below: 
Crown thickness index as the ratio between tree crown diameter (dc) 
and tree crown height (hc). 
CTI = dc/hc (7) 
Where; CTI is crown thickness index, dc is the diameter of the tree 
crown and hc is the height of the tree crown. 
Crown spread index as the ratio between tree crown diameter (dc) 
and the actual height of a tree (H). 
CSI = dc/H (8) 
Where; CSI is crown spread index, dc is the diameter of the tree 
crown and H is the total height of the tree 
Linear crown index as the ratio between tree crown diameter (dc) 
and the DBH of a tree. 
LCI = dc/DBH (9) 
Where; LCI is linear crown index, dc is the diameter of the tree crown 
and DBH is the diameter at breast height of the tree species. 
Uncompacted live crown ratio as the ratio between tree crown height 
(hc) and the actual height of a tree (H). 
ULCR = hc/H (10) 
Where; ULCR is uncompacted live crown ratio, hc is height of tree 
crown and H is the total height of the tree. 
Data analysis 
The plots established for data collection was grouped into two farm 
age regimes in terms of the age of the cocoa trees (Young to medium 
aged and old aged cocoa agroforestry systems), thus less than 15 years 
and greater than 15 years respectively. Biodiversity was compared 
amongst the two age regimes using T-test. Normal distribution was 
tested using the Shapiro-Wilks W-test for homogeneity of variances. Tree 
and crown parameters as well as shade cast on the ground by upper 
canopy trees were compared amongst the various crown form models 
using one-way analysis of variance at 5% significance level. Fisher’s LSD 
multiple comparisons post hoc test were compared on the means of 
treatment variables that were significant at 5% significant level. Cor-
relation analysis was used for the evaluation of relationships and trends 
between shade area and DBH, tree height and all other crown parame-
ters to determine which of these parameters had the greatest impact on 
the shade cast by trees with different crown forms. 
RESULTS 
Distribution of cocoa agroforestry systems in the cocoa district 
The average age recorded for the old cocoa AGF was (22.71 ± 0.81 
years) whereas the young to mature recorded (12.20 ± 1.88 years). 
Statistically, there was significant variation (p = 0.001) between the 
ages of the cocoa AGF systems (Table 1). 
Plant composition in the cocoa agroforestry systems 
In all, a total of 44 plant species containing 160 individual upper 
canopy trees and distributed in 21 families were identified in the 12- one 
ha plots sampled in cocoa agroforestry systems in the study area. The 
families Moraceae and Fabaceae were represented the most in both the 
young to medium and old aged cocoa AGF systems, recording 14.29%; 
11.44% and 17.86%; 10.71% of identified upper canopy tree species 
respectively (Fig. 3) 
In the young to medium aged cocoa AGF systems, Newbouldia laevis, 
Persea americana, Ricinodendron heudoletii and Terminalia superba were 
the most abundant plant species recording 20%, 8.89%, 7.78% and 
5.56% respectively of identified species whereas Antiaris toxicaria, 
Cecropia peltata, Morinda lucida, Discoglypremna caloneura and Persea 
americana were the most abundant plant species recording 11.43%, 
10%, 8.57%, 7.14% and 7.14% respectively of identified species in the 
old aged cocoa AGF systems (Table 2). 
Majority (83.33%) of the farms surveyed had the number of upper 
canopy trees per ha on the farms to be below the Cocoa Research 
Institute of Ghana (CRIG) recommended 18 trees per ha (Fig. 4). Only 
16.67% of the farms surveyed had the recommended 18 trees per ha on 
the farms. There was a significant negative correlation between the age 
of a cocoa AGF system and the number of upper canopy trees that 
farmers incorporate for shade provision, (p < 0.05) and negative cor-
relation (r = − 0.55) between them. 
Species diversity, richness and evenness across the cocoa agroforestry 
systems 
Relatively high values of Shannon-Weiner index (H’= 1.86 ± 0.18), 
plant species density (18 ± 4.12 plants/ha) and species richness (8.80 ±
1.62) were recorded in the young to medium aged cocoa AGF systems 
compared to the old aged cocoa systems. The Steinhaus coefficient of 
similarity was 60.32% and indicates that species composition is similar 
(SCSI > 50%) for the study area. Despite the differences in plant species 
diversity, evenness, richness and density, the two areas surveyed did not 
differ significantly in terms of these parameters (p > 0.05) (Table 3). 
Dendrometric and crown attributes of upper canopy trees in cocoa 
agroforestry systems 
A multiple regression analysis to evaluate the relationship between 
tree silhouette, crown area and crown height of isolated shade trees in 
cocoa farms showed a significantly positive correlation between the 
variables (p = 0.000, R2= 0.863). Shade area, in this case tree silhouette 
of upper canopy trees in cocoa agroforestry systems was estimated as; 
Shade Aest = − 0.6 + 1.1088Crown A + 4.17hc (12) 
Where; Shade Aest = estimated shade area upper canopy trees cast on 
the ground (silhouette), Crown A = Crown area and hc = crown height 
Table 1 
Age regime of cocoa agroforestry systems (± are standard errors).  
Age regime Mean age t-statistic Df p-value 
Young to medium 12.20 ± 1.88 − 5.73 10 0.001 
Old 22.71 ± 0.81  
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of upper canopy tree species. 
Variation of crown attributes based on crown forms of upper canopy trees 
in cocoa agroforestry systems 
The highest value of tree height (22.70 ± 3.5 m) was recorded by 
trees with conical to pyramidal crown forms. Trees with elongate crown 
forms recorded the least (12.62 ± 1.05 m). From the Fisher’s LSD 
multiple comparisons test, there was a significant difference between 
the means of tree height recorded for the following pair wise forms: 
conical to pyramidal/ spreading to cylindrical, conical to pyramidal/ 
upswept to vase, elongate/upswept to vase. 
In assessing crown attributes of trees, the highest values of 
crown diameter (10.89 ± 1.33 m), crown area (104.26 ± 26.10 m2), 
crown volume (658.88 ± 240.9 m3), crown thickness index (1.86 ± 
0.45) and area of shade (145.80 ± 30.72 m2) was recorded by trees 
with spreading to cylindrical crown forms. Aside crown volume (p 
¼ 0.022) and crown spread index (p ¼ 0.016), observed crown 
attributes did not differ significantly (p > 0.05) based on the crown 
Fig. 3. Percentage of tree species represented by families across the two age regimes.  
Table 2 
Species distribution across the two age regimes.  
Species Frequency (Relative abundance (%)  
Young to medium system Old aged system 
Albizia zygia – 2 (2.86) 
Alstonia boonei 1 (1.11) – 
Amphimas pterocarpoides 1 (1.11) 4 (5.71) 
Antiaris toxicaria 1 (1.11) 8 (11.43) 
Antrocaryon micraster 1 (1.11) – 
Bombax bounopozense 4 (4.44) – 
Canarium sweinfurthii 2 (2.22) 2 (2.86) 
Cecropia peltata 3 (3.33) 7 (10.00) 
Ceiba pentandra 2 (2.22) 1 (1.43) 
Celtis mildbraedii 1 (1.11) – 
Chrysophylum spp. 1 (1.11) – 
Citros senensis 4 (4.44) 1 (1.43) 
Cola nitida – 1 (1.43) 
Dacryodes klaineana 2 (2.22) – 
Dialium spp 4 (4.44) – 
Discoglypremna caloneura – 5 (7.14) 
Distermonanthus benthamianus 1 (1.11) 1 (1.43) 
Entandrophragma angolense 2 (2.22) 1 (1.43) 
Ficus carpensis 4 (4.44) 3 (4.29) 
Ficus exasperate 1 (1.11) 4 (5.71) 
Ficus thoningii 1 (1.11) – 
Ficus vogelii – 1 (1.43) 
Funtumia elastica 2 (2.22) – 
Holarraena floribunda 1 (1.11) – 
Irvingia robur – 1 (1.43) 
Lannea welwitschii – 1 (1.43) 
Mangifera indica 1 (1.11) 4 (5.71) 
Milicia excelsa 1 (1.11) 2 (2.86) 
Morinda lucida 1 (1.11) 6 (8.57) 
Nesogordonia papaverifera 1 (1.11) – 
Newbouldia laevis 18 (20.00) 1 (1.43) 
Persea Americana 8 (8.89) 5 (7.14) 
Piptadeniastrum africanum 1 (1.11) – 
Pouteria altissima – 3 (4.29) 
Pycnanthus angolense 3 (3.33) 1 (1.43) 
Ricinodendron heudelotti 7 (7.78) 2 (2.86) 
Scotellia klaineana 1 (1.11) – 
Spathodea campanulata – 1 (1.43) 
Spondias mombin 1 (1.11) – 
Steculia rhinopetala 1 (1.11) – 
Sterculia oblonga – 1 (1.43) 
Terminalia superba 5 (5.56) 1 (1.43) 
Triplochiton scleroxylon 1 (1.11) 1 (1.43) 
Zanthoxylum leprieurii 1 (1.11) –  
Fig. 4. Proportion of farms using the recommended number of trees.  
Table 3 
Comparison of species diversity, evenness, richness and density in the young to 
medium and old aged cocoa agroforestry systems (± are standard errors).  










18.00 ± 4.12 10.00 ±
1.66 
1.155 10 0.275 
Species 
Richness 
8.80 ± 1.62 5.85 ±
1.01 
− 0.829 10 0.427 
Species 
Diversity 
1.86 ± 0.18 1.56 ±
0.18 
2.023 10 0.771 
Species 
Evenness 
0.89 ± 0.31 0.92 ±
0.21 
1.625 10 0.135  
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form of trees (Table 4). 
Similarity of dendrometric and crown attributes of upper canopy trees in 
cocoa agroforestry systems 
Spearman’s rank correlation was employed to assess the relationship 
between dendrometric and crown parameters of upper canopy trees and 
the shade they cast. There was a significantly positive correlation be-
tween the following pairs of parameters: DBH/height of tree (r = 0.760), 
DBH/height of crown (r = 0.679), DBH/crown diameter (r = 0.655), 
DBH/crown area (r = 0.655), DBH/crown volume (0.757), DBH/area of 
shade (r = 0.729), height of tree/crown height (r = 0.701), height of 
tree/crown volume (r = 0.565), height of tree/area of shade (r = 0.534), 
and crown height/area of shade (r = 0.612). Similarly, there was a 
significantly positive correlations between the following sets of param-
eters: crown diameter/crown volume (r = 0.944), crown diameter/ 
crown spread index (r = 0.676), crown diameter/crown thickness index 
(r = 0.573), crown diameter/area of shade (r = 0.978), crown area/ 
crown volume (0.944), crown area/crown spread index (r = 0.676), 
crown area/crown thickness index (r = 0.573), crown area/area of 
shade (r = 0.978), crown volume/crown thickness index (r = 0.520), 
and crown volume/area of shade (r = 0.983) (Table 5). 
DISCUSSION 
Species composition and diversity in cocoa agroforestry system 
Though the study assessed tree species with DBH 10 cm and above, 
the 44 species recorded from 12 ha of cocoa agroforestry systems are 
relatively lower compared to values in similar studies elsewhere 
(Dawoe et al., 2016; Oke and Odebiyi, 2007; Osei Bonsu et al., 2003). 
Tree species diversity and density recorded for this study was (H’= 1.86 
± 0.18) and (18.00 ± 4.12) respectively for young to medium aged 
cocoa agroforestry systems and (H’=1.16 ± 0.18) and (10.00 ± 1.66) 
respectively for old aged cocoa agroforestry systems. The study also 
revealed that, tree density and age of the cocoa agroforestry system is 
significantly (p < 0.05) and negatively correlated (r= − 0.55). The lower 
number of tree density and diversity in the old cocoa farms compared to 
the young to medium aged cocoa farms is as a result of elimination of 
tree species from the system by farmers over the years. This is a reflec-
tion of the recommendation from CRIG for farmers to incorporate 16–18 
well spaced upper canopy trees per hectare corresponding to nearly 
30–40% crown cover (Dawoe et al., 2016). However, density of trees per 
ha recorded in this study was less compared to other studies (Anglaaere 
et al., 2011; Osei Bonsu et al., 2003; Dawoe et al., 2016) that found 
densities of trees of between 9 and 22, 33 and 111 and 15 and 43 per ha 
respectively on old and young aged cocoa farms in Ghana. In spite of the 
recommendation by CRIG and other certification agencies to plant and 
retain at least 18 species/ha in terms of density, majority (75%) (Fig. 4) 
of the cocoa farms still have less than the recommended tree density. It is 
imperative to note that contrary to the current lower biodiversity, as 
indicated by the biodiversity indices, most farmers are aware of the 
recommendations to keep tree species in their cocoa farms. The poor 
attitude and assertiveness of farmers towards the retention of large 
number of shade trees per ha may be linked to issues such as tree tenure 
in terms of timber trees, the necessity for additional streams of revenue 
to supplement farmers’ income, and the destruction to cocoa trees that 
typically go with timber harvest and extraction (Dawoe et al., 2016; Oke 
and Olatiilu, 2011). Other factors that also prevent farmers from 
incorporating upper canopy tree species on their cocoa farms are the 
perceived pest and disease problems, inadequate knowledge on the 
provision of the legal and policy regimes governing off-reserve tree 
tenure and exploitation and access to seedlings of indigenous timber 
species (Dawoe et al., 2016; Nyantakyi-Frimpong et al., 2019) and the 
promotion of hybrid varieties, which is presumed to favour lower den-
sities of shade trees (Padi and Owusu, 1999; Asare, 2005) than the 
Table 4 
Upper canopy tree and crown attributes based on tree crown form (Means that share the same letters along a row are not significantly different at α=5% (0.05) 
significance level by Fisher’s LSD multiple comparison test. ± are standard errors, Crown height is crown h, tree height is tree H, Diameter at Breast Height is DBH, 
crown diameter is crown d, crown area is crown A, crown volume is crown V, Uncompacted live crown ratio is ULCR, crown spread index is CSI, linear crown index is 
LCI, shade area is Shade A, crown thickness index is CTI).  
Crown form conical to pyramidal elongate spade spreading to cylindrical upswept to vase df P-value 
DBH (cm) 45.20 ± 0.20a 41.06 ± 4.57a 42.2 ± 2.77a 59.00 ± 5.83a 42.01 ± 2.40a 4 0.206 
Tree H (m) 22.70 ± 3.5a 12.62 ± 1.05ab 15.16 ± 0.88abc 18.44 ± 2.17bc 14.89 ± 0.58c 4 0.019 
Crown h (m) 7.55 ± 3.05a 5.28 ± 0.38a 6.13 ± 0.39a 7.26 ± 1.15a 5.74 ± 0.28a 4 0.249 
Crown d (m) 7.01 ± 0.89a 8.84 ± 0.87a 8.35 ± 0.45a 10.89 ± 1.33b 7.67 ± 0.49a 4 0.171 
Crown A (m2) 39.25 ± 9.78a 75.44 ± 14.38a 62.50 ± 6.42a 104.26 ± 26.10b 60.05± 7.17a 4 0.237 
Crown V (m3) 137.40 ± 23.65a 316.08 ± 69.47ab 256.90 ± 40.92b 658.88 ± 240.91b 257.29 ± 37.33b 4 0.022 
ULCR 0.32 ± 0.09a 0.44 ± 0.03a 0.42 ± 0.02a 0.40 ± 0.05a 0.39 ± 0.1a 4 0.339 
CSI 0.32 ± 0.09a 0.73 ± 0.06b 0.60 ± 0.04c 0.63 ± 0.08d 0.53 ± 0.03e 4 0.016 
LCI 0.16 ± 0.02a 0.24 ± 0.02a 0.22 ± 0.01a 0.19 ± 0.02a 0.20 ± 0.01a 4 0.389 
CTI 1.17 ± 0.59a 1.69 ± 0.13a 1.56 ± 0.11a 1.86 ± 0.45a 1.49 ± 0.10a 4 0.605 
Shade A (m2) 74.94 ± 1.88a 105.61 ± 16.85a 94.79 ± 7.98a 145.80 ± 30.72a 90.47 ± 8.52a 4 0.251  
Table 5 
Spearman’s rank correlation matrix on tree and crown attributes of upper canopy trees in cocoa agroforestry systems (* Correlation is significant at the 0.05 level (2- 
tailed), Crown height is crown h, tree height is tree H, Diameter at Breast Height is DBH, crown diameter is crown d, crown area is crown A, crown volume is crown V, 
Uncompacted live crown ratio is ULCR, crown spread index is CSI, linear crown index is LCI, shade area is Shade A, crown thickness index is CTI)).  
Tree attributes BDH Tree H Crown h Crown d Crown A Crown V ULCR CSI CTI LCI Shade A 
BDH 1           
Tree H .760* 1          
Crown h .679* .701* 1         
Crown d .655* .430* .457* 1        
Crown A .655* .430* .457* 1.000* 1       
Crown V .757* .565* .695* .944* .944* 1      
ULCR 0.055 − 0.183* .534* 0.144 0.144 .301* 1     
CSI 0.073 − 0.326* − 0.06 .676* .676* .520* .322* 1    
CTI 0.048 − 0.206* − 0.397* .573* .573* .316* − 0.321* .756* 1   
LCI − 0.300* − 0.361* − 0.207* .470* .470* .301* .158* .807* .690* 1  
Shade A .729* .534* .612* .978* .978* .983* .233* .577* .415* .363* 1  
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traditional multi-strata cocoa systems that harbour diverse population of 
forest tree species. Also, the current manifestation of low upper canopy 
tree diversity and dominance of non-timber trees is a clear indication of 
a shift and a transformation that has evolved over time based on farmer 
perception on tree ownership as was reported by Dawoe et al. (2016). 
Quite a number of the rare economic tree species like Milicia excelsa, 
Piptadeniastrum africanum and Terminalia superba were available on 
cocoa farms. According to Asare (2010) and Dawoe et al. (2016), most 
tree species left on cocoa farms are as a result of natural regeneration as 
farmers rely on natural regeneration to include shade trees on farms and 
allow farmers to establish and promote tree species that previously 
existed in the landscape in a cost-effective way. Nonetheless, this prac-
tice likewise limits tree diversification possibilities as it solitarily per-
mits trees that previously existed in the system to regenerate and grow, 
as lower species richness and evenness was recorded for both age re-
gimes compared to other studies. There were indications that some of 
the farmers were making deliberate efforts to incorporate some timber 
tree species on their farms, especially Terminalia spp as was observed in 
most of the young to medium aged cocoa agroforestry systems. 
Tree crown attributes based on crown forms 
Crown shape is the consequence and outcome of an intricate inter-
action between a genetic blueprint and the reaction of the tree to 
environmental factors (Hatta et al., 1999). The form of a crown of a tree 
is a significant feature used to regulate and control the ecological success 
of trees and its ability to trap solar radiation and provide shade for 
adjoining under-storey. The highest value (0.44 ± 0.03) (Table 5) of 
uncompacted live crown ratio was recorded by trees with elongate 
crown forms. This mean value of the uncompacted live crown represents 
44% of the tree height. Trees with pyramidal to conical crown forms 
recorded the lowest value of the uncompacted live crown ratio (0.32 ±
0.09), where the uncompacted live crown ratio represents 32% of the 
tree height. Again, crown spread index which expresses the ratio be-
tween tree crown diameter and the actual tree height of the tree was 
significantly high (0.73 ± 0.06 m/cm) in trees with elongate crown 
forms. This mean value of crown spread index represent 73% of the 
actual height of trees. Also, linear crown index which expresses the ratio 
between crown diameter and tree DBH was insignificantly highest (0.24 
± 0.02) in elongate crown forms. Significant variation (p < 0.05) was 
recorded for tree height, tree crown volume and crown spread index 
(Table 4) and had the greatest effect on architectural variability. These 
findings are similar and corroborates the findings of others such as 
Haruta (2011) and Paganová et al. (2015), whose works also revealed 
significant variation for tree height, crown volume and crown spread 
index based on trees crown forms. Area of shade cast on the ground was 
highest for species with spreading crown forms and least for species with 
conical to pyramidal crown forms (Table 4). This is due to the fact that 
trees with spreading crown forms had the highest values for most of the 
crown parameters (crown area, crown volume, etc.), which invariably 
determine the area of shade cast on the ground by the trees. The highest 
value of shade area recorded by the spreading to cylindrical crown forms 
is as a result of the highest values recorded for tree DBH and tree height. 
Thus, trees with spreading to cylindrical crown forms are able to provide 
shading to larger areas. Higher values of crown diameter and crown 
height recorded by trees with spreading to cylindrical crown forms also 
make it appropriate for shade provision as these parameters are con-
nected to below canopy microclimate conditions such as humidity and 
proper air circulation. Trees with spreading to cylindrical crown forms 
offer better opportunities for usage as a shade tree as both crown height 
and crown diameter significantly and positively correlate with Photo-
synthetically Active Radiation (PAR) transmission as revealed by 
McGrady and Jokela (1998). Aside spreading to cylindrical crown forms, 
trees with elongate crown forms were also able to record shade area of 
more than 100 m2. Aside the ability of trees with elongate crown forms 
to record a higher value for shade area, they were also able to record 
higher values for crown area and volume and give an indication to offer 
better opportunities for shade provision. Trees with conical to pyramidal 
crown form recorded the least value of shade area and therefore will 
require many trees to provide the recommended shade for cocoa pro-
duction. Increasing the trees thus have implications on the system as 
there will be increased below-ground competition for available re-
sources. As DBH and tree height increase, trees widen their canopies to 
maximize light and photosynthesis (Givnish, 2002), thereby casting a 
wider and broader shade on adjoining plants and on the ground. 
Significantly (p < 0.05), the highest value of crown volume (658.88 ±
240.91 m3) was recorded by spreading to cylindrical crown forms and 
corroborates the findings of Paganová et al. (2015), who found similar 
results in comparing crown volumes amongst Sorbus domestica with 
different crown forms. As revealed by Paganová et al. (2015), the se-
lection of trees for shade provision in a landscape depends on the crown 
volume, which defines the capacity of ecological impact of a tree on a 
site and its effect on the microclimate. 
Relationship between tree and crown attributes 
The results from this study are in line with the findings of Pretzsch 
et al. (2015), who also found significant and positive correlations be-
tween crown diameter, tree height and area of shade. Though strong 
correlation was observed between crown volume and tree DBH, the 
findings of this study is consistent with Asare and Ræbild (2016) who 
found strong correlation between crown area and DBH but contrary to 
the findings of Paganová et al. (2015), who found negative correlation 
between these two parameters (r= − 0.755). The positive and strong 
relationship between crown diameter and various parameters is due to 
the fact that tree crown is the part of the tree which contains the 
photosynthetic tissue, absorbs radiations and produces energy to enable 
the growth processes (Arzai and Aliyu, 2010). Relationship between 
crown width and tree height has also been reported by several authors 
(Arzai and Aliyu, 2010; Tiralla et al., 2013). 
Tree species with spreading to cylindrical and elongate to rounded 
crown forms as seen in (Fig. 5a and 5b) have broad base crown diameter 
and high values of crown height as seen in (Table 6) and as such are able 
to provide adequate shade that help reduce the stresses associated with 
the exposure of cocoa to sunlight and help to reduce light intensities 
which influence the growth and productivity of cocoa trees as revealed 
by Raja and Kamariah (1983). These trees do not only offer better op-
portunities for timber production, but also protect soils against erosions 
from heavy rainfall (Tscharnkte et al., 2011), reduce exposure of cocoa 
plants to unrelenting winds (Sonwa et al., 2007) and offer excellent 
microclimate environment for cocoa production than other tree species 
such as Newbouldia leavis, Morinda lucida, etc. with undesirable crown 
forms that represented higher percentages of identified upper canopy 
trees in most cocoa agroforestry systems in the study area. 
In as much as species such as Ceiba pentandra have been identified as 
better tees species to be incorporated into shade systems, based on their 
crown architecture, it is important to also place these recommendations 
within the context of other farmer preferences and compatibility of these 
species with optimal cocoa production. For instance, Asare (2005) 
observed the suitability of various tree species for incorporation in cocoa 
systems and realized that Ceiba pentandra is preferred most by farmers. 
However, Manu and Tetteh (1987) indicated Ceiba pentandra as unde-
sirable for cocoa agroforestry systems because it is deemed to habour 
pests. Thus, the results from this study must be placed within the 
appropriate perspective of overall tree characteristic which should be 
considered in selecting tree species for incorporation in cocoa growing 
systems. 
Conclusion 
The study revealed that the incorporation of species such as New-
bouldia laevis, Persea americana, Ricinodendron heudoletii, Terminalia 
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superba, Antiaris toxicaria, Cecropia peltata, Morinda lucida, and Dis-
coglypremna caloneura has resulted in the promotion of tree diversity in 
the Bonsu Nkwanta cocoa growing landscape. The strong negative cor-
relation observed between the age of the cocoa agroforestry system and 
upper canopy tree density can be attributed to the farmers’ attempt to 
reduce the amount and quantity of shade the trees provide. Further-
more, crown attributes such as crown diameter, crown volume and 
crown area of upper canopy trees strongly affect the ability of a 
particular crown form of a tree to provide shade. From the study, trees 
with spreading to cylindrical crown form and elongate crown form 
recorded shade area of more than 100 m2, and can thus be considered for 
shade to cocoa farms. It is thus concluded that amongst the species 
studied in the Bonsu Nkwanta landscape, Pycnanthus angolense, Amphi-
mas pterocarpoides, Ricinodendron heudelotti, Triplochiton scleroxylon, 
Ceiba pentandra, Spathodea campanulata, Milicia excelsa, Piptadeniastrum 
africanum, and Canarium sweinfurthii were the upper canopy trees which 
exhibited spreading to cylindrical and elongate crown forms suitable for 
optimum shade provision in cocoa agroforestry systems. This study 
therefore provides useful guidance in the promotion of agroforestry tree 
species for shading in cocoa systems. However, the crown attributes of 
these trees must be considered in combination with other desirable at-
tributes of shade trees in order to aid better decision making on agro-
forestry tree selection for cocoa systems. 
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